SUMMARY: Giant intracranial aneurysms are rare vascular pathologies associated with high morbidity and mortality. The purpose of this in vivo study was to assess giant intracranial aneurysms and their wall microstructure by 7T MR imaging, previously only visualized in histopathologic examinations. Seven giant intracranial aneurysms were evaluated, and 2 aneurysms were available for histopathologic examination. Six of 7 (85.7%) showed intraluminal thrombus of various sizes. Aneurysm walls were depicted as hypointense in TOF-MRA and SWI sequences with excellent contrast ratios to adjacent brain parenchyma (range, 0.01-0.60 and 0.58 -0.96, respectively). The triple-layered microstructure of the aneurysm walls was visualized in all aneurysms in TOF-MRA and SWI. This could be related to iron deposition in the wall, similar to the findings in 2 available histopathologic specimens. In vivo 7T TOF-MRA and SWI can delineate the aneurysm wall and the triple-layered wall microstructure in giant intracranial aneurysms.
2,3
The pathophysiology of the growth in GAs is considered to differ from that of non-GAs. The presence of intraluminal thrombus formation associated with repeated intramural hemorrhage and neovascularization in the wall seems to play an important role in GA growth. 4, 5 Prior histopathologic studies of intracranial aneurysms have shown inflammation and associated iron deposits in the wall that correlated with growth and rupture of the aneurysm. 6, 7 Previous MR imaging studies have revealed important morphologic features in these aneurysms, which are only partially assessable by DSA. 8, 9 Better delineation and characterization of GAs may help to improve our comprehension of the distinct pathophysiology of this rare aneurysm subgroup. The purpose of this study was to assess GAs and their wall microstructure by 7T MR imaging, previously only visualized in histopathologic examinations.
MATERIALS AND METHODS
The study was approved by the authorized ethics committee of the local university, and all patients provided written consent before the examination. Inclusion criteria were the following: 1) patients with a GA previously diagnosed via DSA and conventional 1.5T or 3T MR imaging, 2) 18 years of age or older, and 3) able to give informed consent. Exclusion criteria were the following: 1) the presence of a cardiac pacemaker or any other electronic implants, 2) pregnancy or breastfeeding, or 3) claustrophobia. Patients were recruited from January 2011 to December 2014 and included 4 men and 3 women with an average age of 66 years (range, 50 -80 years).
High-Resolution 7T MR Imaging
Seven patients with GAs were evaluated by using a 7T whole-body MR imaging system (Magnetom 7T; Siemens, Erlangen, Germany) equipped with a 32-channel Tx/Rx head coil (Nova Med-ical, Wilmington, Massachusetts). The system is equipped with a gradient system providing 45-mT/m maximum amplitude and a slew rate of 200 mT/m/ms. Applied sequences included TOF-MRA 10, 11 and MPRAGE 12 from the standard 7T vascular protocol and SWI for detecting iron deposition. Detailed parameters for all sequences are summarized in Table 1 .
Image Analysis
Before the evaluation, image data for all individual cases were coregistered between sequences by using the FMRIB Linear Image Registration Tool (FLIRT; http://www.fmrib.ox.ac.uk). Image evaluation was performed by using the FSLView tool (FMRIB Software Library, Version 5.0; http://fsl.fmrib.ox.ac.uk/fsl/fslview/) by 2 raters in a consensus reading. Assessed features were the following: aneurysm and parent artery diameter, wall thickness, signal intensity of the aneurysm wall, intraluminal thrombus, intraluminal flow, and surrounding brain tissue. The ROIs were placed in the wall of the dome farthest away from the aneurysm base, including 4 representative voxels (0.44 ϫ 0.44 mm) of each structure. The ROIs in the tissues surrounding the wall amounted to 16 voxels (0.88 ϫ 0.88 mm). Absolute values for contrast ratios of aneurysm wall layers and adjacent tissues were calculated as follows:
For every mean value, the standard error of mean (SEM, / ͌ n) was calculated as an estimate of the population mean.
Histopathologic Examination
To surgically expose the aneurysm neck, partial resection of the wall and thrombus was mandatory in 2 thrombosed MCA aneurysms preoperatively scanned with 7T MR imaging. Aneurysm domes were successfully resected parallel to the parent artery. Histopathologic sections were prepared from areas corresponding to MR imaging ROIs with 5-m thickness and were stained by using H&E, Van Gieson elastic, and Prussian blue.
RESULTS
All patients were examined without any adverse events, and all MR imaging sequences were successfully acquired. Table 2 summarizes basic demographic data for all patients and major anatomic features of the aneurysms. The mean diameters of aneurysms and parent arteries were 29.8 mm (SEM, 1.9; range, 25.1-37.9 mm) and 3.3 mm (SE, 0.4; range, 1.7-5.3 mm), respectively. All aneurysms except 1 were surrounded by brain parenchyma, and 4 aneurysms were accompanied by brain edema. The aneurysm arising from the cavernous portion of the ICA (subject 2) extended into the intracranial space with the cranial part of the dome. Figure 1 illustrates specific features of aneurysm delineation for all 7 cases in TOF-MRA, MPRAGE, magnitude imaging, and SWI.
Thickness of the Aneurysm Wall
The mean aneurysm wall thickness was 0. 
Signal Intensity of the Aneurysm Wall
Aneurysm walls were depicted as hypointense on TOF-MRA and strongly hypointense on magnitude images and SWI compared with adjacent structures. In MPRAGE, walls were delineated with a heterogeneous mostly hypointense signal. All aneurysms demonstrated a characteristic feature, showing a high contrast ratio of the wall to adjacent brain parenchyma. Signal intensities of intraluminal thrombus were heterogeneous between and within aneurysms. How- ever, thrombus areas adjacent to the aneurysm wall were generally hyperintense in comparison with the wall. Contrast between intraluminal thrombus and brain parenchyma was low for all MR imaging sequences. Partially thrombosed aneurysms (subjects 1, 3, and 5) showed heterogeneous contrast between thrombus and intraluminal flow. Details of contrast ratios are summarized in Table 3 . In TOF-MRA and SWI, aneurysm walls adjacent to brain parenchyma were depicted partially with a distinct triple-layered microstructure showing a hyperintense signal in the middle layer surrounded by hypointense outer and inner layers. Mean contrast ratios between the middle layer and outer/inner layers were high (0.27-0.84) with better contrast in SWI than in TOF (Table 4) . In 2 available histopathologic specimens, the hyperintense layer corresponded to the tunica media. There was no iron deposition within this part of the wall in the Prussian blue stain, while adventitia and smooth muscle layer adjacent to intraluminal thrombus showed strong iron uptake (Fig 3) .
DISCUSSION
To our knowledge, this is the first in vivo study investigating GAs using ultra-high-field 7T MR imaging. Because most patients with GAs present with urgent clinical symptoms, 5 for most of these cases, 7T MR imaging examinations remain inaccessible. Considering the scarce opportunity to recruit patients with this extremely rare vascular disease, this study of GAs can help to further understand the complex pathophysiology of aneurysm formation, growth, and rupture.
In previously published in vivo aneurysm wall imaging studies, depiction of microstructures within aneurysm walls was limited by spatial resolution, [13] [14] [15] because wall thicknesses ranged from 20 to 500 m. 16, 17 To date, there is only 1 report on intracranial vessel wall microstructures delineated with 7T MR imaging using an ultra-high ex vivo 0.11 ϫ 0.11 mm 2 resolution. 18 The study showed excellent correlation with the histopathologic findings. However, the presented ex vivo protocol took 40.5 hours per specimen and is therefore unsuitable for clinical in vivo application. In view of the previously published data, spatial resolution has to be well below aneurysm wall thickness to be capable of demonstrating microstructures within the wall. The spatial resolution used in our study was 5.7-13.2 times higher compared with previous in vivo aneurysm wall studies, 10, 11, [13] [14] [15] which was sufficient to visualize the microstructures in vivo for the first time.
Histopathology revealed a distinct pattern of iron deposition within the aneurysm wall, showing a homogeneous distribution in the adventitia and smooth muscle layer adjacent to intraluminal thrombus, sparing the tunica media. Honkanen et al 19 characterized the aneurysm wall in an ex vivo study setup comparing 4.7T MR imaging and histopathology, showing the capability of a T2* sequence to detect iron-loaded macrophages depicting the degenerated aneurysm walls as hypointense structures. In the present study, the ultra-high spatial resolution in TOF-MRA and SWI could depict iron-related signal decay in voxels within the aneurysm wall as a typical triple-layered microstructure, which correlates with the histopathologic findings. Due to the lower spatial resolution of MPRAGE, partial volume effects of surrounding inner and outer aneurysm wall layers blurred the tunica media signal. Thus, MPRAGE was not able to depict the distinct triple-layered wall structure, showing only a diffuse hypointense signal.
The surrounding brain parenchyma and intraluminal thrombus, often seen in GAs, provide additional image contrast and therefore help to differentiate the aneurysm wall from its surrounding structures. In some cases, heterogeneous signal in parts of the intraluminal thrombus led to local low-contrast areas around the aneurysm wall, making differentiation slightly more difficult. The inhomogeneous iron deposition caused by different ages of thrombus layers 20 is presumably associated with the heterogeneous signal intensity in some thrombus. As expected, the local B0 field inhomogeneity due to the deposited iron caused stronger signal alterations in SWI compared with TOF-MRA and MPRAGE. These susceptibility effects are amplified at 7T compared with lower magnetic field strengths. Because of strong blooming effects in SWI at ultra-high magnetic field strengths, aneurysm wall thickness was overestimated approximately 1.5-fold compared with TOF-MRA, which showed excellent correlation with histopathologic measurements.
It is debatable whether the triple-layered microstructures are fragile or represent a stable region of the aneurysm wall and to what extent iron accumulation derives from infiltrating macrophages. Considering previously published data from histopathologic and clinical studies and the present high-resolution MR imaging findings, the triple-layered microstructures are likely to reflect the fragility of the aneurysm wall. The grade of iron depo-
Thickness of aneurysm walls is presented for all MR imaging sequences and histopathology (only available for cases 3 and 5). In every subject, aneurysm wall thickness was larger on magnitude images and SWI compared with TOF-MRA and MPRAGE. Histopathologic measurements correlated best with TOF-MRA measurements in all subjects. sition, likely linked to inflammation, is detectable and can be quantified by using high-field MR imaging. This information might therefore serve as a future follow-up marker and help in deciding the treatment timing and technique.
Limitations
The present series consisted of a relatively small number of 7 patients with GAs. However, considering the extremely low incidence of this rare pathology, the possibility of recruiting a consid- erably larger number of patients within a reasonable time is limited. More than half of our patients presenting with giant aneurysms during these 3 years were unsuitable for scanning at 7T MR imaging because of numerous contraindications. On the one hand, heterogeneous sizes and locations of scanned aneurysms seem to be a limitation of the study; on the other hand, identical signal characteristics of aneurysm walls could be shown in various locations and therefore indicate these signal characteristics as a general feature of GAs. Wall imaging in this study was focused on the fundus of the aneurysm. Walls of intracranial aneurysms are highly heterogeneous, 15, 21 making it difficult to characterize the complete aneurysm wall by using MR imaging and histopathology, when only parts of the aneurysm wall are investigated by both methods. A future ex vivo or in vivo study might overcome this limitation by 3D aligning of MR imaging and histopathologic images, allowing exact quantification of the complete aneurysm wall. Finally, susceptibility artifacts from adjacent air-filled sinuses can strongly impair aneurysm delineation close to the skull base, especially in SWI, making it difficult to visualize large parts of the aneurysm wall and therefore reducing applicability of 7T MRA as a follow-up marker.
CONCLUSIONS
High-resolution in vivo 7T SWI and TOF-MRA imaging can delineate the triple-layered wall microstructure in giant intracranial aneurysms previously only depicted by using ex vivo MR imaging or histopathologic examinations. Quantification of iron deposition in the aneurysm wall might serve as a future follow-up marker and help in deciding the treatment timing and technique.
